Purpose: Genetic testing for hypertrophic cardiomyopathy has been commercially available for almost a decade; however, low mutation detection rate and cost have hindered uptake. This study sought to identify clinical variables that can predict probands with hypertrophic cardiomyopathy in whom a pathogenic mutation will be identified.
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Hypertrophic cardiomyopathy (HCM) is an inherited cardiomyopathy characterized by myocardial hypertrophy, usually of the left ventricle, in the absence of other loading conditions such as hypertension.
1,2 HCM affects 1 in 500 of the general population and is an important cause of sudden cardiac death (SCD) in the young, particularly in athletes. 3, 4 HCM shows extreme clinical heterogeneity, with many individuals experiencing minimal or no symptoms whereas others may suffer the most severe outcomes of heart failure and SCD.
HCM is inherited in an autosomal dominant manner. Mutations in at least 13 sarcomere or sarcomere-related genes have been shown to cause HCM. Commercial genetic testing is widely advocated as a necessary component of management, allowing clarification of the genetic status of asymptomatic at-risk relatives. 5 Despite HCM proband genetic testing being available commercially for almost 10 years, there are still a number of limitations to this testing process. Specifically, the quoted mutation detection rates vary substantially, between 20 and 63%, [6] [7] [8] meaning a significant number of probands will undergo this expensive testing procedure and have no causative mutation identified (i.e., an indeterminate genetic result). 7, 9, 10 In cases in which an indeterminate genetic result is given, the asymptomatic family members must continue with ongoing periodic clinical surveillance strategies, which will fail to detect those patients without an obvious phenotype. 11, 12 In addition, the cost of proband genetic testing for HCM has been a prohibitive factor that has limited uptake, despite it being shown to be a cost-effective addition to conventional HCM management in the long term. 13, 14 One explanation for the variable genetic testing detection rates may relate to the clinical phenotype and family history of those undergoing genetic testing. 7, 15 A number of HCM phenocopies and genocopies exist, such as glycogen storage diseases, which may influence the mutation detection rate of HCM genetic testing, as might the presence or absence of a family history of HCM. A simple method of identifying probands with HCM who are more likely to have a gene mutation identified would be of significant benefit, both from a clinical Original research article management perspective and in health-economic terms. This study sought to identify clinical variables that may predict a positive genetic test result in probands with HCM attending a specialized cardiac genetic clinic.
MAteRiALs And MetHOds

Patient cohort
Consecutive probands with HCM attending one of three major specialized cardiac genetic clinics in Australia over a 10-year period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) or who were enrolled in the Australian Genetic Heart Disease Registry 16 were included. Those meeting the eligibility criteria were included, specifically patients with a clinical diagnosis of HCM 17 and who had undergone mutation detection testing. Probands not meeting clinical diagnostic criteria for HCM were not included (i.e., physiologic hypertrophy in response to athletic training or hypertension). Only the proband was included in the analysis, and for the purpose of this study the proband was defined as the family member with clinical HCM selected to undergo initial genetic testing to identify the causative mutation in his or her family.
Clinical evaluation
All probands underwent routine clinical evaluation including clinical history, physical examination, 12-lead electrocardiography, and 2D and M-mode transthoracic echocardiogram. Clinical variables included age at diagnosis, occurrence of an out-of-hospital cardiac arrest (OHCA), or SCD of the proband either before or subsequent to genetic testing, and key echocardiographic parameters including maximum left-ventricular wall thickness (LVWT).
Family history information was collected directly from the patient by a cardiac genetic counselor or clinical geneticist and confirmed by medical record where possible, as part of the clinical assessment carried out in the specialized multidisciplinary clinics. 18, 19 In all cases, clinical surveillance of first-degree relatives was encouraged and most often carried out in the same center. A positive family history of disease included those with an established family history of HCM with two or more family members having a clinical diagnosis of HCM. A negative family history was defined as no additional cases of clinically apparent HCM in a family, i.e., sporadic HCM. Family history of SCD was determined on the basis of information provided by the family and/or confirmatory medical reports (i.e., postmortem examination). Only deaths for which the underlying cause was probable or definite HCM were included.
Genetic testing
Genetic testing was performed as part of the clinical service by a number of different genetic testing laboratories. All patients had 8-10 HCM genes screened (MYBPC3, MYH7, TPM1, TNNT2, TNNI3, ACTC1, MYL2, MYL3, ACTN2, TCAP) by a range of methods including single-stranded conformation polymorphism analysis, and direct DNA sequencing as previously described. 20, 21 This reflects the evolution over the past decade of genetic testing strategies in a clinic setting. Probands with an identified gene mutation were classed as a positive genetic result, whereas those with no identified causative mutation were categorized as an indeterminate genetic result. Cases for which the pathogenicity of a variant could not be determined, i.e., a variant of uncertain significance, were deemed indeterminate genetic results. Pathogenicity was assessed on the basis of the following criteria, as previously described: (i) a nonsynonymous variant that causes an amino acid change that is conserved among species; (ii) the variant is not present in healthy control populations, including the 1000 Genomes and dbSNP databases with a minor allele frequency of <0.01; (iii) there is cosegregation with affected family members; and/or (iv) it has been previously reported as a causative HCM mutation. 22, 23 This information was evaluated by the attending cardiologist and/or clinical geneticists on a case-by-case basis as part of the clinical service, and accordingly used for predictive testing where indicated.
statistical analysis
Data were analyzed using Prism (version 5.0) and SPSS Statistics version 20 (SPSS, Chicago, IL). Clinical predictors of a genetic diagnosis were assessed using unpaired t-tests, χ 2 analysis, and one-way analysis of variance. Single-factor and multiple logistic regression analyses were used to assess variables associated with a positive genetic result following stepwise selection for modelfit. A P value of <0.05 was considered statistically significant.
ResULts
Clinical and genetic features in probands with HCM
A total of 265 probands with HCM were included in the study. The mean age of probands was 51 ± 18 years and 164 (62%) were males. The mean age at diagnosis was 41 ± 18 years, and mean maximum LVWT was 21 ± 6 mm. There were 141 (53%) probands with an established family history of disease, including 65 (25%) with a family history of SCD. Twenty-six (10%) probands had suffered an OHCA or had died suddenly, before or subsequent to genetic testing. Table 1 shows the outcomes from genetic testing in HCM probands. A genetic diagnosis was made in 138 (52%) probands, whereas 127 (48%) received an indeterminate genetic result. A variant of uncertain significance was identified in six (2%) patients, and these probands were classified as having an indeterminate genetic result. The group with mutations identified were younger (P < 0.0001), were diagnosed at a younger age (P < 0.0001), had more severe LVWT (P = 0.03), and were significantly more likely to be female (P = 0.005). The frequency distribution of LVWT between probands with positive and those with indeterminate genetic results highlights the fact that either group can show minimal to severe LVWT (Supplementary Figure S1 online).
The distribution of disease genes identified in the cohort is shown in Supplementary Table S1 online. Mutations in 10 HCM genes were identified, with MYBPC3 and MYH7 accounting for more than 50% of cases. Multiple mutation genotypes were present in 16 HCM probands (6%) and included a previously described triple-mutation genotype 24 and a homozygous TNNI3 mutation (Supplementary Table S2 online).
Clinical variables predicting a positive genetic result
Family history of disease was found to be an important predictor, with 102 (72%) probands with an established family history of HCM receiving a positive genetic result, as compared with 36 (29%) probands with no family history (P < 0.0001). In those probands with a family history of HCM, those who also had a positive family history of SCD were significantly more likely to have a mutation identified (89 vs. 59%, P < 0.0001), as shown in Table 2 and Figure 1 . Univariate analysis identified age (odds ratio 0.97; 95% confidence interval, 0.96-0.98, P < 0.0001), age at diagnosis (odds ratio 0.97; 95% confidence interval, 0.95-0.98, P < 0.0001), and maximum LVWT (odds ratio 1.06; 95% confidence interval 1.0-1.1, P = 0.028) as also being associated with an increased likelihood of a positive genetic result.
Multivariate analysis identified many of these variables as remaining significantly associated with an increased chance of a positive genetic result, explaining 41% of the variance ( Table 2) . Age of the proband did not remain significant and was removed from the model; however, female gender, maximal LVWT, family history of HCM, and family history of SCD were significant. Age at diagnosis was borderline nonsignificant at P = 0.052.
The gender of the proband was important in predicting a positive genetic result. Females were significantly more likely to have a mutation identified (63 vs. 45%, P = 0.0052). This association could be further clarified if family history of HCM was considered. Specifically, in the probands with no established family history, females were significantly more likely to have genetic diagnosis made (41 vs. 24%, P = 0.0051), and in the family history group, there was no difference in mutation detection rate by gender (77 vs. 69%, P = not significant) (Figure 2) .
Genotype-phenotype correlation
Clinical variables were compared among probands with a causative mutation in the most common gene groups, i.e., MYBPC3, MYH7, TNNT2, ACTC2, and TNNI3. The MYH7 mutation carriers were significantly younger (42 ± 14 years vs. 52 ± 16 years, P = 0.0035), and diagnosed earlier in life as compared with the MYBPC3 mutation carriers (27 ± 15 years vs. 40 ± 17 years, P = 0.0036) ( Table 3 ). TNNT2 mutation carriers had a younger age at diagnosis, and TNNI3 mutation carriers were more likely to have had an OHCA or SCD, but these trends did not reach statistical significance.
Multiple-mutation genotypes
The clinical and genetic characteristics of the probands with multiple mutations are shown in Supplementary Table S2 online. MYBPC3 and MYH7 were the two most common genes involved in these multiple-mutation probands, which Original research article included compound heterozygotes (different mutations in the same gene), double heterozygotes (a mutation in two different genes), and one individual who was homozygous for a TNNI3 mutation. Comparison of clinical variables between singleand multiple-mutation carriers showed a marked increase in the occurrence of an OHCA or SCD in probands, with 5 of 16 (31%) multiple mutation carriers suffering an OHCA or SCD as compared with 9 of 122 (7%) in single-gene mutation carriers (P = 0.0121) ( Table 3) .
disCUssiOn
This study identified family history as a key clinical predictor of a positive genetic result in probands with HCM. The difference in mutation detection rate was almost threefold higher if a family history of HCM was present as compared with no family history. This mutation detection rate was further increased when probands also had a history of HCM-related sudden death. This important finding has direct clinical relevance for informing patients about their specific individual likelihood for identification of an HCM-causing gene mutation on the basis of their family history. In current clinical practice, the availability of genetic testing in HCM is primarily limited to major centers. The cost of diagnostic genetic testing and the variable mutation detection rates have hindered the widespread availability of genetic testing in HCM. Most cardiologists will inform their probands with HCM that the chance of identifying a causative mutation from current genetic testing is 50%. The current study identified a simple parameter, i.e., the taking of a detailed and thorough family history at the time of clinical evaluation, as an important measure in predicting those patients who may have a positive gene result. The differences are surprisingly large. The mutation detection rate for those with a family history of HCM was 72% and if they also had a history of SCD, this rate increased to 89%. Indeed, multivariate analysis identified the combination of female gender, increased LVWT, and family history of HCM and SCD as being most predictive of identifying a pathogenic mutation. These data will enable cardiologists and clinical geneticists to inform their patients better of the chances of a positive genetic test result based on their specific clinical family history. In those probands in whom there is a low chance of obtaining a positive genetic result (29%), this will provide clarity on the likelihood of a mutation being identified. It is important to highlight that genetic testing is encouraged in all cases, even when the mutation detection rate is low. Cost-effectiveness analysis in this setting supports this idea, with our group previously reporting sensitivity analysis of proband mutation detection rates of 40-70% remaining very cost effective (40% mutation detection rate; ICER (incremental cost effectiveness ratio) $A1601 per quality adjusted life year gained). 13 The key clinical predictor of a positive genetic result was found to be an established family history of HCM. Two previous studies, in HCM populations in the United States and Germany, support the finding that a positive family history of HCM results in a higher mutation detection rate, although the Female gender of the proband was found to be significantly associated with an increased chance of a positive genetic result (63 vs. 45%, P = 0.005). When grouped by family history of disease, the gender association was not significant in those with a family history of disease (69 vs. 77%, P = not significant (NS)). In those probands with no family history of disease, female gender was still significantly associated with a greater chance of a positive genetic result (41 vs. 24%, P = 0.005). **P = 0.005. There was a significantly greater chance of identifying a mutation in those probands with an established family history (FHx) of hypertrophic cardiomyopathy (HCM) (72 vs. 29%, P < 0.0001) and within the positive family history group; a history of sudden cardiac death (SCD) further increased the detection rate (89 vs. 59%, P < 0.0001). The line at 50% highlights the quoted mutation detection rate as told to probands before genetic testing. ****P = 0.0001. increases were less substantial (54 and 68%, respectively). 7, 10 This further highlights the need for a detailed family history and pedigree to be taken. Although the attending cardiologist can obtain such a history, in the setting of a multidisciplinary clinic, a cardiac genetic counselor or clinical geneticist experienced in this area is more likely to obtain a detailed and thorough history and to have the capacity to obtain confirmatory medical data related to sudden deaths in the family. 18 In addition, the capacity of genetic counselors to assist in coordinating clinical surveillance of family members to identify presymptomatic disease is critical.
Additional variables found to predict a positive genetic result were the young age of the proband at clinical evaluation, an earlier age at diagnosis, gender, and increased maximal LVWT. Although these variables were shown to be significantly associated with a positive genetic result, their clinical applicability is limited. The frequency distribution of maximal LVWT by positive or indeterminate genetic result highlighted the fact that patients from either group can have a wall thickness at either end of the spectrum, from mild to severe (i.e., 30 mm and above). Furthermore, the mean maximum LVWT differed between the groups by <2 mm, which although statistically significant, would have limited value as a predictive tool in the clinical setting.
The influence of gender in genetic testing outcomes in our HCM cohort was observed in the current study. Overall, males had a lower mutation detection rate than females, with a disproportionate number of males populating the indeterminate genetic result group. When adjusted for a number of variables, the combination of male gender, reduced LVWT, and absence of family history of HCM or SCD was least likely to yield a causative mutation. Of note, in those with no family history, female gender significantly increased the likelihood of a genetic diagnosis, whereas there was no gender association in those probands with a family history of HCM (i.e., males or females were not more likely to have a mutation identified). Understanding the underlying clinical and possible genetic basis of these male patients with apparent sporadic HCM will be an important consideration and may represent nonheritable phenocopies of HCM.
Interesting gene-specific disease characteristics were observed in the current study. Although initial studies supported the notion of mutation-specific clinical outcomes, 25 subsequent studies 26 and the identification of the vast clinical and genetic heterogeneity in HCM have limited the clinical utility of genotype in guiding management. 1, 27 In the current study, MYH7 mutation carriers were found to be significantly younger, and they presented at a younger age, as compared with MYBPC3 mutation carriers. Mutations in specific genes did not correlate significantly with clinical features, but the number of gene mutations correlated with some measures of disease severity, specifically the occurrence of an OHCA or SCD in the proband. Our group 20, 22 and others, 8, 9, 28 have previously suggested that multiple-mutation carriers express a more severe phenotype, including younger age at diagnosis, increased LVWT, and a higher incidence of sudden death events. 29 The current data further support the link between the number of disease-causing mutations and clinical severity of disease, and may ultimately lead to using this information as part of risk-stratification algorithms in assessing the risk of developing heart failure and sudden death in HCM.
The small number of HCM probands in our cohort who had a family history but in whom no causative gene mutation was identified represent a tantalizing subgroup for further genetic evaluation. Only 7 of 63 (11%) probands with an established family history of HCM and SCD failed to have a causative mutation identified. These seven probands therefore have clinical HCM, have an inherited disease due to the family history, but do not harbor a known HCM-causing gene mutation. These patients may have one of the rare disease genes not tested in our cohort, or may have an as yet unidentified disease gene. With the rapid evolution of next-generation sequencing technologies, genome-wide genetic analysis approaches are likely to identify new causative genes in HCM.
study limitations
This study presents a description of the clinical experience of the three major specialized cardiac genetic clinics in Australia over a period of 10 years. Therefore, the method of genetic testing employed for each case was dependent on the best available technology at the time and so incorporates a number of different genetic testing approaches. Family history information was obtained both from a detailed family history taken from the proband as well as extensive and thorough clinical family screening that was initiated as part of routine clinical management in relatives. Every effort was made to obtain all possible family history information in each case.
Conclusion
Family history of disease is an important clinical predictor of identifying a pathogenic mutation following HCM genetic testing. Additional information, such as gender, maximal LVWT, and family history of SCD, adds further to the likelihood of having a positive genetic result. These findings have direct clinical relevance for informing patients about their specific individual likelihood for identification of an HCM-causing gene mutation on the basis of their family history. Furthermore, by determining the cost-effectiveness of genetic testing, this may guide health policy and reimbursement decisions. The multidisciplinary specialized clinic, incorporating cardiology and clinical genetics, is highlighted as an ideal model for the optimal and most comprehensive care of patients with HCM and their families.
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